The flora of vacuum-packaged dark, firm, dry meat included three organisms not usually found on vacuum-packaged meat, Yersinia enterocolitica, Enterobacter liquefaciens, and Alteromonas putrefaciens. Y. enterocolitica did not affect the meat quality. Production of spoilage odors by E. liquefaciens could be prevented by addition of glucose or citrate to the meat. Greening of meat by A. putrefaciens was not prevented by addition of glucose, as the organism degraded cysteine with the release of H2S even when glucose was present. To prevent greening, growth of A. putrefaciens must be inhibited by reducing the meat pH to less than 6.0.
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Dark, firm, dry (DFD) meat derived from the carcasses of stressed animals is characterized by a high ultimate pH (15) . It spoils more rapidly than normal meat of ultimate pH 5.5, and this has been assumed to be due to more rapid growth of spoilage bacteria at the elevated pH. However, many spoilage bacteria are unaffected by pH in the range of 5.5 to 7.0. Recently, it has been shown that the onset of spoilage in meat at normal pH is delayed until the available glucose has been consumed. Only then are amino acids attacked, with the production of spoilage odors (5) . DFD meat is deficient in glucose, so amino acids are attacked without delay and spoilage becomes evident at far lower bacterial cell densities than normal. The aerobic shelf life of DFD meat is extended by addition of glucose, but not by reduction of the pH (12) .
Vacuum-packaged DFD meat also spoils rapidly, with the development of a typical green discoloration. This is due to production by the spoilage flora of H2S, which converts the muscle pigment to green sulfmyoglobin (13) . To determine whether it is possible to control spoilage of vacuum-packaged DFD meat, the factors responsible for the spoilage process were examined.
MATERIALS AND METHODS
Organisms. Bacteria were isolated from spoiled vacuum-packaged DFD beef stored at 2°C for 6 weeks. After inoculation, slices were individually packaged by heat sealing in nylon-polythene laminate under a vacuum of 635 mm of Hg. The laminate is a commonly used commercial vacuum-packaging film with an oxygen permeability of 300 ml/m3 per 24 h per atmosphere at 25°C and 100% relative humidity. Packs were stored at 10°C and examined daily for appearance, odor, and bacterial counts. Exudate in packs was examined for sulfmyoglobin by the method of Nicol et al. (13) .
Growth of bacteria in meat juice medium. Bacteria were grown in diluted meat juice medium under a nitrogen atmosphere at 30°C. The medium was sparged with oxygen-free nitrogen and inoculated with cells from early-log-phase cultures growing anaerobically in the medium used for continuous culture of Alteromonasputrefaciens. The preparation, sampling, and analysis of cultures have been described previously (5, 6) .
Growth of A. putrefaciens in continuous culture. A. putrefaciens was grown at pH 7.0 in a simple salts medium (4) supplemented with 1 g of glucose per liter, 1 g of Casamino Acids per liter, and 0.2 g of yeast extract per liter. Aerobic, oxygen-limited, and anaerobic cultures were grown at 30°C at the maximum dilution rate and at 20% of the maximum rate. Cysteine and methionine solutions were added to culture samples, and H2S evolution was detected with lead acetate paper.
RESULTS
Four major types of bacteria were isolated from 10 packs of vacuum-packaged DFD meat. When grown anaerobically in meat juice medium, E. liquefaciens showed some utilization of serine when glucose and glucose 6-phosphate were the major substrates (Fig. 1) . Other amino acids (lysine, arginine, threonine) were not attacked until glucose was exhausted. A. putrefaciens also utilized serine in the presence of glucose, and initially serine appeared to be the preferred substrate (Fig. 2) . On exhaustion of glucose, A. putrefaciens attacked the same amino acids as E. liquefaciens, but glucose 6-phosphate was not utilized.
Samples taken from continuous cultures were used to determine whether A. putrefaciens could produce H2S in the presence of glucose. All cultures were found to have high residual glucose concentrations in the spent culture medium. Anaerobic cultures and the oxygen-limited culture growing at the submaximal rate evolved H2S without delay when cysteine was added, but H2S was not produced from methionine even after prolonged incubation. Aerobic and rapidly growing oxygen-limited cultures did not produce H2S.
To examine the effect of glucose addition and pH reduction on the spoilage of vacuum-packaged meat, slices of DFD meat were treated with glucose, citrate, or citrate-lactate solutions to give meat of pH 6.7, 6.0, and 5.6, respectively. The slices were vacuum-packaged and stored at 10°C. After 5 days, control and glucose-treated packs were spoiled due to greening. Citratetreated packs showed greening after 8 DISCUSSION Under anaerobic conditions, the dominant bacteria on normal chilled meat are lactobacilli. These organisms utilize only glucose and arginine for growth and appear to inhibit competing species by production of an antimicrobial agent (11) . However, the anaerobic spoilage flora of DFD meat includes species which do not usually occur in significant numbers on normal meat. Y. enterocolitica was consistently found in high numbers on vacuum-packaged DFD meat, whereas it has been reported to occur in less than 10% of packs containing normal meat (7). The sensitivity of E. liquefaciens (Serratia liquefaciens) and A. putrefaciens to reduced pH and their occurrence on vacuum-packaged highpH meat has been observed by other workers (1, 14) . It appears that a high pH and absence of glucose are necessary to allow these species to compete successfully with the lactobacilli.
Large numbers of Y. enterocolitica do not seem to have any effect on meat quality, but the presence of this organism may still be undesirable, as some strains can be pathogenic. However, the relationship between such pathogenic strains and the common nonpathogenic strains is uncertain (2).
Greening is a result of H2S production by A. putrefaciens, utilizing cysteine which presumably derives from protein degradation and glutathione. Glutathione and cysteine are rapidly oxidized under aerobic conditions, but this would not occur in the anaerobic environment of vacuum packages (9) . Degradation of some amino acids by A. putrefaciens is prevented by glucose, but serine appears to be utilized preferentially to glucose, and cysteine is attacked even when glucose is present.
Although E. liquefaciens can also produce H2S, its ability to do so is weak, and it does not seem to make any significant contribution to visible greening. However, it readily produces spoilage odors (14) and appears to be the major cause of this type of spoilage in vacuum-packaged DFD meat. Like A. putrefaciens, E. liquefaciens utilizes serine in the presence of glucose, but spoilage odors are not produced until glucose is exhausted and other amino acids are attacked.
To prevent greening, it is necessary to stop the growth of A. putrefaciens. This can be achieved by reducing the pH to below 6.0. However, E. liquefaciens continues to grow when the pH is reduced, so addition of a preferentially APPL. ENVIRON. MICROBIOL.
utilized carbohydrate substrate (glucose or citrate) is also necessary to prevent development of spoilage odors. The control of spoilage in vacuum-packaged DFD meat requires considerably greater modification of the meat composition than is necessary to prevent early spoilage under aerobic conditions. Such modifications are now being examined to determine whether it is possible to prevent early spoilage of vacuum-packaged DFD meat under practical conditions without adversely affecting the quality of the product.
